Introduction: Capasio is being developed as a new generation of endodontic material with potential use as a root-end filling material. The aim of this study was to compare the ability of Capasio and mineral trioxide aggregate (MTA) to penetrate human dentinal tubules and examine the interaction of Capasio and MTA with a synthetic tissue fluid (STF) and root canal walls in extracted human teeth. Methods: Root-end preparations were filled with Capasio or MTA, allowed to set for 4 weeks in STF, and then sectioned at 1, 2, and 3 mm from resected surface. Depth of penetration was evaluated by using scanning electron microscopy (SEM). Next, Capasio and MTA samples were prepared both in 1-g pellets and in root-end preparations. Samples were placed in STF, allowed to set, and then characterized by using SEM, energy dispersive x-ray analysis (EDXA), and x-ray diffraction (XRD) techniques. Results: Penetration of Capasio into dentinal tubules was observed at all levels. No penetration of MTA into dentinal tubules was observed at any level. Both Capasio and MTA formed apatite crystals in the supernatant, on their exposed surfaces, and in the interfacial layers that were similar in structure and elemental composition when evaluated by using SEM and EDXA. XRD analysis of these crystals corresponds with those reported for hydroxyapatite. Conclusions: When used as a rootend filling material, Capasio is more likely to penetrate dentinal tubules. Both Capasio and MTA promote apatite deposition when exposed to STF. (J Endod
ndodontic retreatment of teeth that have not responded to initial nonsurgical root canal treatment can result in successful outcomes ranging from 56%-84% (1, 2) . However, recent advances in surgical techniques, equipment, and materials have made endodontic surgery a predictable treatment option in cases that have not responded to initial endodontic therapy or when nonsurgical root canal therapy is contraindicated (3) (4) (5) . A recent retrospective study has shown that several factors such as sex, tooth position, lesion type, and root-end filling material are likely predictors of positive clinical outcomes (6) . Thus, the long-term success of endodontic surgery is often influenced by the type of root-end filling material used (3, 6, 7) .
The primary objective of endodontic treatment is to eliminate microorganisms and prevent reinfection (8) . However, it is impossible to completely eliminate all microorganisms from the canal space (9) . Therefore, an ideal root-end filling material should closely adapt to the margins of the canal, display dimensional stability, demonstrate adequate bond strength, eliminate avenues of leakage, entomb remaining bacteria, and exhibit biocompatibility with host tissues (8, (10) (11) (12) (13) (14) . Studies have demonstrated that penetration of an endodontic material into the dentinal tubules will improve marginal adaptation (15) , increase mechanical retention (8, 15) , entomb residual bacteria (8) , and exert antibacterial effects because of closer proximity of material to the bacteria (16) .
A variety of retrofilling materials are currently used for periradicular surgery. Specifically, white ProRoot mineral trioxide aggregate (MTA) (Dentsply Tulsa Dental Specialties, Tulsa, OK) has gained popularity among endodontists since its introduction in 1993 (3, 17) . The sealing ability (18) , osteogenic potential (19) , and biocompatibility (20) (21) (22) of MTA have been attributed to its ability to release calcium ions, form an adherent interfacial layer, and trigger the precipitation of hydroxyapatite on its surface and in the surrounding fluid (23) . However, MTA can be difficult to manipulate (24) , perceived as coarse (25) , slow to set (26) , and easily washed out (27, 28) .
A nonrandomized prospective clinical study that used endodontic lesions limited to the periapical region found that MTA-treated teeth demonstrated a significant improvement in healing in comparison with Retroplast-treated teeth (29) . In addition, the MTA-treated group had a higher percentage of cases considered to be healed compared with the Retroplast-treated teeth, particularly in mandibular premolars and molars.
Although current root-end filling materials have shown varying degrees of successful outcomes, no single material exhibits all characteristics of an ideal root-end filling material. New root-end filling materials are consistently being introduced in an effort to improve on the weaknesses of previous materials. Capasio (Primus Consulting, Bradenton, FL) is a calcium-phospho-aluminosilicate-based cement that uses a novel setting reaction and has demonstrated similar or improved physical characteristics such as setting time, radiopacity, compressive strength, pH, and washout resistance (27) . Such favorable properties make Capasio a potential root-end filling material; however, evidence is still lacking to justify the use of this material as an improvement over MTA.
The purposes of this study were to evaluate the ability of Capasio and MTA to penetrate human dentinal tubules when used as a root-end filling material and to examine the interaction of Capasio and MTA with synthetic tissue fluid (STF) and endodontically prepared root canal walls in extracted human teeth. STF was chosen to simulate the in vivo conditions in which rootend filling materials are used.
Materials and Methods

Penetration of Material into Dentinal Tubules
Thirty intact, single-rooted, anterior human mature teeth were selected for the study and stored in 10% buffered formalin. Teeth were matched in pairs on the basis of tooth type and anatomy and then randomly assigned into 2 groups of 15 teeth. The teeth were decoronated at the cementoenamel junction. A size 10 FlexoFile (Dentsply/Maillefer, Tulsa, OK) was inserted into each canal until it exited the apical foramen, and the length was measured. Working length was established by subtracting 0.5 mm from this length. The canals were endodontically prepared by a single operator who used rotary nickel-titanium ProFile instruments (Dentsply/Maillefer) to a master apical file size of 50/04. A 3.0-mm root-tip resection was performed 90
to its long axis with a high-speed, Multi-Purpose bur (Dentsply/Maillefer) under water cooling. A 4.0-mm-deep apical preparation was cut by using ultrasonic tips (KiS Microsurgical Instruments; Obtura/Spartan, Fenton, MO) powered by an ultrasonic unit (Satelec P5; Dentsply Tulsa, Tulsa, OK). All canals were irrigated by using a PiezoFlow ultrasonic irrigation needle (Dentsply Tulsa) alternating between a total of 10 mL 6% NaOCl and 5 mL 17% ethylenediaminetetraacetic acid (EDTA). Thermoplasticized gutta-percha (Obtura/Spartan) without sealer was placed in the canal system except in the apical 5 mm, which allowed material to be adequately compacted.
Experimental Capasio and MTA were compared. Group 1 was filled with Capasio mixed according to the manufacturer's recommendation at a weight ratio of 4:1 powder to gel. Group 2 was filled with MTA mixed according to the manufacturer's recommendation at a weight ratio of 3:1 powder to sterile water. Materials were compacted into root-end preparations in small increments by using microsurgical pluggers (KiS Microsurgical Instruments; Obtura/Spartan). Filled teeth were placed in individual vials containing 3 mL of STF. The STF was a phosphate-buffered saline solution (pH 7.2) with a composition of 1.7 g KH 2 PO 4 , 11.8 g Na 2 HPO 4 , 80.0 g NaCl, and 2.0 g KCl in 10 L of H 2 O. After 4 weeks at 37 C and 100% humidity, each tooth was sliced at 90 to the long axis of the tooth by using a diamond blade, removing three 1-mm sections beginning 1 mm from the resected surface. Each surface was demineralized with a 10-minute application of 17% EDTA, followed by a 10-minute application of 6% NaOCl. Sections were washed with distilled water, mounted, and dried. Sections were then prepared for scanning electron microscopy (SEM) evaluation by sputter-coating the surface with a thin gold coating. Examination for material penetration into dentinal tubules was completed for each section. The depth of material penetration was measured at 10 locations around the canal's circumference by using a calibrated measuring tool incorporated into the microscope control system. The mean, minimum, and maximum penetration for each section was calculated. Statistical analysis was performed by using the c 2 test.
Interaction of Material with STF
Ten samples of MTA material and 10 samples of Capasio material were mixed according to the manufacturers' recommendations. Each 1.0-g sample was mixed and placed in a custom mold (diameter of 15.0 mm), with the top surface exposed. A total of 25 mL of STF was immediately added to each sample. All samples were stored at 37 C and 100% humidity for 4 weeks. The supernatant of each sample was poured off, filtered, washed, and dried. Set samples were dried. Precipitates attached to the exposed surface were removed and collected. All samples were prepared for evaluation by SEM, energy dispersive x-ray analysis (EDXA), and x-ray diffraction (XRD) techniques. 
Interaction of Material with STF and Prepared Root Canal Walls of Extracted Teeth
Twelve single-rooted, human extracted teeth were prepared as described earlier. Teeth were matched in pairs on the basis of tooth type and anatomy. Teeth were randomly assigned into 2 groups of 5 teeth each. Five teeth were filled with MTA and 5 teeth were filled with Capasio by using the mixing ratios and techniques previously described. Two teeth served as the control group and were completely filled with gutta-percha. Teeth were immediately placed into 10 mL STF and stored for 2 months at 37 C and 100% humidity. All samples were then removed, dried, and prepared for evaluation by SEM and EDXA.
Results
Penetration of Material into Dentinal Tubules
Group 1 containing Capasio as a root-end filling had dentinal tubule penetration in 17 of 35 samples (Fig. 1) . No penetration into the dentinal tubules was observed at any level in group 2 with ProRoot MTA as the root-end filling. Chi-squared tests showed an overall significant difference between the Capasio and MTA groups (P < .001).
Penetration increased with distance from the resected surface. In the Capasio group at 1 mm from the resected surface, 20% of samples showed material within dentinal tubules, with a mean penetration depth of 48 mm. At 2 mm from the resected surface, 26% of samples showed material in dentinal tubules, with a mean penetration depth of 63 mm. At 3 mm from the resected surface, 66% of samples showed material in dentinal tubules, with a mean penetration of 82 mm (Fig. 1) .
Interaction of Material with STF
In group 1, SEM evaluation of both the precipitate from the supernatant and the precipitate from the exposed surface of the material revealed individual globules localized in clusters. EDXA indicated that these precipitates contained primarily Ca (18%), P (15%), Si (1%), Al (17%), and O (52%). Similarly, group 2 revealed individual globules localized in clusters in both precipitates. EDXA results for the MTA precipitates closely aligned with those for the Capasio precipitates, because MTA contained primarily Ca (26%), P (16%), Si (6%), and O (38%). XRD analysis of both Capasio and MTA precipitates had diffraction lines for hydroxyapatite (HA) (Fig. 2B) .
Interaction of Material with STF and Prepared Root Canal Walls of Extracted Teeth
SEM examination was conducted on both the MTA-dentin and the Capasio-dentin interfaces. Each sample had a definitive separation between the material and the dentin, most likely because of desiccation and high vacuum associated with SEM. However, each sample contained areas demonstrating an interfacial layer without gaps at the interface. Under 3000Â magnification, the interfacial layer appeared as globules creating a latticework to connect the material to the dentin structure (Fig. 2C) . EDXA of these clusters showed the presence of Ca, P, Si, and O. These globules were similar in their elemental composition to the precipitates outlined in Figure 2A . In the control group, there was a separation between gutta-percha and dentin without an interfacial layer.
Discussion
Previous studies have used SEM to evaluate the depth of penetration of endodontic materials into dentinal tubules (8, 15, 30, 31) . SEM allows for detailed observation of material penetration at distant sites from the canal wall and accurate measurement of penetration. An SEM study by Dreger et al (32) examined the intratubular mineral deposition into dentinal tubules after interaction with MTA or Portland cement. MTA was determined to be more effective in promoting biomineralization at the dentin-cement interface.
In our study no penetration of MTA into dentinal tubules was observed; however, Capasio demonstrated penetration depths ranging from 18-264 mm. The ability of an endodontic material to penetrate dentinal tubules can be attributed to the number of dentinal tubules, the size of dentinal tubules, the particle size of the material, and the setting reaction of the material. Dentinal tubules are structures that range in diameter from 2.0-3.2 mm at the pulpal wall (33) . The number of tubules is greatest in cervical dentin, with a significant reduction in the average density of tubules in radicular dentin (34) . For material to penetrate the tubules, the particle size must be smaller than the diameter of the tubule. The mean particle size for white ProRoot MTA is 10 mm, with all particles being smaller than 50 mm (35) . In contrast, Capasio has a mean particle size of 5.3 mm, with all particles being smaller than 20 mm and about 5% finer than 1 mm (personal communication, Dr Carolyn Primus, August 17, 2011). The finer powder would allow transport into the tubules. An alternative explanation is that dissolution and reprecipitation of the Capasio powder allowed the filling of the dentinal tubules.
Both Capasio and MTA demonstrated an ability to precipitate apatite crystals on their surface, in interfacial layers, and in the surrounding fluid. Previous MTA studies have assessed the apatite layer formed on its surface, in the interfacial spaces, and in the dentinal tubules. These studies concluded that this physiochemical reaction results in the gradual formation of HA between the MTA and dentin that improves sealing ability and biocompatibility (15, 23) . Cell viability has been shown to be linked to factors such as the type of endodontic material used, setting time, and incubation time (36) . Therefore, the assessment of any new material and its ability to maintain biocompatibility must account for a multitude of factors when determining whether it will be effective.
The formation of apatite is driven primarily by the release of calcium into biologic fluids. MTA has been shown to promote the release of calcium into the hard tissues that form beneath it when used as a capping material (17) . Other materials that release calcium have been shown to elicit biologic responses similar to that of MTA, such as calcium hydroxide, calcium phosphate cement, HA cement, and Portland cement (37) (38) (39) (40) . Capasio formed apatite crystals in the supernatant, on its exposed surface, and in the interfacial layers. Aluminum detected in Capasio samples might be attributed to the material being incorporated into the crystals or from material adjacent to crystals. Overall, XRD analysis of these crystals corresponds with those reported for HA.
When used as a root-end filling material, Capasio is more likely to penetrate dentinal tubules and equally likely to promote apatite deposition when compared with MTA. However, further studies are required to recommend Capasio as a material for clinical use.
